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The sesquiterpene bisabolene was recently identi-
fied as a biosynthetic precursor to bisabolane, an
advanced biofuel with physicochemical properties
similar to those of D2 diesel. High-titer microbial
bisabolene production was achieved using Abies
grandis a-bisabolene synthase (AgBIS). Here, we
report the structure of AgBIS, a three-domain plant
sesquiterpene synthase, crystallized in its apo form
and bound to five different inhibitors. Structural and
biochemical characterization of the AgBIS terpene
synthase Class I active site leads us to propose
a catalytic mechanism for the cyclization of farnesyl
diphosphate into bisabolene via a bisabolyl cation
intermediate. Further, we describe the nonfunctional
AgBIS Class II active site whose high similarity
to bifunctional diterpene synthases makes it an
important link in understanding terpene synthase
evolution. Practically, the AgBIS crystal structure is
important in future protein engineering efforts to
increase the microbial production of bisabolene.
INTRODUCTION
Advanced biofuels with physicochemical properties similar to
those of petroleum-based fuels may be more attractive alterna-
tives than current biofuels such as ethanol, as they are compat-
ible with existing engine design and distribution infrastructure
(Peralta-Yahya and Keasling, 2010). Terpenes, used extensively
as flavors, fragrances, and pharmaceuticals (Kirby and Keasling,
2009), have been recognized as potential advanced biofuel
precursors (Lee et al., 2008). Dimers of the monoterpene pinene
have energy density similar to that of the missile fuel JP10
(Harvey et al., 2010), whereas farnesane, the fully reduced form1876 Structure 19, 1876–1884, December 7, 2011 ª2011 Elsevier Ltdof the linear sesquiterpene farnesene, is being pursued as an
alternative biosynthetic diesel in the market (Renninger and
McPhee, 2008). Recently, the fully reduced form of the monocy-
clic sesquiterpene bisabolene, bisabolane, was identified as a
biosynthetic alternative to D2 diesel fuel and the microbial pro-
duction of its immediate precursor, bisabolene, was achieved
(Peralta-Yahya et al., 2011). In the microbial production of
sesquiterpenes, the terpene synthase has been identified as
the bottleneck in the metabolic pathway (Anthony et al., 2009).
Therefore, high-resolution structural characterization of Abies
grandis a-bisabolene synthase (AgBIS), the terpene synthase
leading to the highest bisabolene production in microbes, is
important for future protein engineering efforts to increase the
microbial production of bisabolene (Figure 1).
Terpenesarebiosynthesized from theuniversal precursors iso-
pentenyl diphosphate (IPP) and its isomer dimethylallyl diphos-
phate (DMAPP). Prenyltransferases condense IPP and DMAPP
into linear isoprenoid diphosphates such as geranyl diphosphate
(GPP, C10), farnesyl diphosphate (FPP, C15), and geranylgeranyl
diphosphate (GGPP, C20). Terpene synthases cyclize these iso-
prenoids into mono- (C10), sesqui- (C15), and diterpenes (C20).
AgBIS is a wound-inducible sesquiterpene synthase that
produces a-bisabolene as a single product (Bohlmann et al.,
1998). Thishighproduct specificity is remarkablewhencompared
to that of constitutively expressed sesquiterpene synthases from
the same organisms, such as g-humulene synthase or d-selinene
synthase, which produce 52 and 34 different sesquiterpenes,
respectively, from FPP (Steele et al., 1998). In planta, a-bisabo-
lene is thought to be the precursor to todomatuic acid, juvabione,
and related insect juvenile hormone mimics, which can disrupt
insect development and reproduction (Bohlmann et al., 1998).
The dedicated use of a-bisabolene in the production of a plant
defense compound may explain its narrow product profile.
Here, we present the crystal structure of A. grandis a-bisabo-
lene synthase, a three-domain sesquiterpene synthase, and
the first plant sesquiterpene synthase structure, to our knowl-
edge, that cyclizes FPP via a bisabolyl cation intermediate. We
crystallized AgBIS in its apo form and bound to five differentAll rights reserved
Figure 1. Abies grandis a-Bisabolene Synthase
A. grandis bisabolene synthase is used for the microbial
overproduction of bisabolene, the immediate precursor
to biosynthetic diesel. The engineered microbe (square)
converts simple sugars into acetyl-CoA via primary
metabolism. The isoprenoid pathway converts acetyl-CoA
into farnesyl diphosphate (FPP). AgBIS cyclizes FPP into
bisabolene. Chemical hydrogenation of bisabolene leads
to bisabolane.
Structure
Structure of Bisabolene Synthaseinhibitors: farnesyl thiophosphate (FSP), geranyl thiodiphos-
phate (GSPP), and the phosphonate inhibitors etidronate, pa-
midronate, and alendronate. In addition, we biochemically
characterized the terpene synthase Class I active site and
propose residues important for the cyclization of FPP into bisa-
bolene. Finally, we discuss the nonfunctional AgBIS terpene
synthase Class II active site and compare it to that of diterpene
synthases. The high similarity of AgBIS to diterpene synthases
makes it an important link in understanding terpene synthase
evolution. More practically, the AgBIS crystal structure is impor-
tant in future protein engineering efforts to increase the microbial
production of bisabolene.
RESULTS
Sequence-Based Analysis
Based on gene structure, AgBIS is more similar to diterpene
synthases than sesquiterpene synthases. AgBIS is composed
of three domains (a, b, and g), unlike the previous structurally
characterizedplant sesquiterpene synthases,Nicotiana tabacum
aristolochene synthase (AS) (Starks et al., 1997) and Gossypium
arboreum cadinene synthase (CAD) (Gennadios et al., 2009),
which have only two domains (a and b). The g domain can be
found in diterpene synthases such as Taxus brevifolia taxadiene
synthase (TXS) (Ko¨ksal et al., 2011a) and Arabidopsis thaliana
ent-Copalyl diphosphate synthase (CPS) (Ko¨ksal et al., 2011b)
(Figure 2A). Phylogenetically, AgBIS falls under the terpene syn-
thase subfamily d (TPS-d) (Chen et al., 2011), in which all gymno-
sperm terpene synthases involved in secondary metabolism can
be found (Figure 2B). Previously crystallized plant sesquiterpene
synthases AS and CAD are of angiosperm origin and fall into the
terpene synthase subfamily a (TPS-a). It is interesting to note that
AgBIS clusters with other gymnosperm bisabolene synthases,
such as Picea abies bisabolene synthase, and farther away
from gymnosperm mono-, sesqui-, and diterpene synthases
(Dereeper et al., 2008). In addition, AgBIS appears to be more
closely related to the bifunctional diterpene synthase Abies
grandis abietadiene synthase (AgABI) (Vogel et al., 1996) than
to the monofunctional TXS.Structure 19, 1876–1884, December 7,Overall Structure
AgBIS has been crystallized to high resolution in
apo form and bound to five inhibitors (Table 1).
As Figure 3 shows, the structure of AgBIS is
composed of three distinct a-helical domains
(a, b, and g). Although we used the complete,
functional AgBIS protein for crystallization (817
amino acids), no interpretable electron density
is available for the first 34 amino acids. Unlikemono- and diterpene synthases, which have an N-terminal
plastid signal peptide, sesquiterpene synthases lack this
sequence, as sesquiterpenes are biosynthesized in the cyto-
plasm. The ChloroP server did not predict an N-terminal chloro-
plast transit peptide for AgBIS (Emanuelsson et al., 1999). The
first 78 amino acids span all three domains of the protein starting
at the a domain (W35–S50), going past the b domain (S51–T72),
and ending at the g domain (G73–M78). The a domain (503–817)
hosts the terpene synthase Class I active site, which is charac-
terized by the presence of the conserved DDXXD and (N,D)
DXX(S,T)XXXE metal-binding motifs (metal-binding ligands in
bold) (Christianson, 2006). In AgBIS, these motifs (D566DMYD
and D713DTKTYKAE) bind Mg2+, which initiates the cyclization
of FPP into bisabolene via an ionization-dependent mechanism.
The b domain (296–502) is located between the a and the g
domains and it is structurally similar to glycosyl hydrolases.
The g domain (78–295) is not present in previously crystallized
sesquiterpene synthases. A nonfunctional terpene synthase
Class II active site is located at the interface of the b and g
domains. Whereas a functional Class II active site is character-
ized by a conservedDXDDmotif, which via a protonation-depen-
dent mechanism initiates the cyclization of linear isoprenoids
(Keeling et al., 2008, 2011), AgBIS lacks the DXDD motif, having
instead a D347LET sequence, thus rendering the Class II active
site nonfunctional. Functional Class II active sites can be found
in diterpene synthases such as CPS (Ko¨ksal et al., 2011b) and
AgABI (Vogel et al., 1996).
Structural Comparison
The three domains of AgBIS, either individually or as ensembles,
can be found in other enzymes involved in the terpene biosyn-
thetic pathway (Figure 4). The a domain adopts the Class I
terpene synthase fold first described in farnesyl diphosphate
synthase (Tarshis et al., 1994). The a domain can be found in
the single-domain fungal and bacterial sesquiterpene synthases,
such as Fusarium sporotrichioides trichodiene synthase (TS)
(Rynkiewicz et al., 2001) and Streptomyces UC5319 pentalene
cyclase (Lesburg et al., 1997). Together, the a and b domains
can be found in two-domain plant monoterpene and2011 ª2011 Elsevier Ltd All rights reserved 1877
Figure 2. Sequence-Based Analysis of AgBIS
(A) Gene structure of the plant sesquiterpene synthases
crystallized to date. Although plant diterpene synthases
have all three domains (shown are Taxus brevifolia
taxadiene synthase [TXS; Ko¨ksal et al., 2011a] and
Arabidopsis thaliana ent-Copalyl diphosphate synthase
[CPS; Ko¨ksal et al., 2011b]), previously crystallized plant
sesquiterpene synthases have only two domains (shown
are Nicotiana tabacum aristolochene synthase [AS; Starks
et al., 1997] and Gossypium arboreum cadinene synthase
[CAD; Gennadios et al., 2009]). AgBIS is unusual in that it is
composed of three domains (a, b, and g).
(B) Phylogenetic tree of selected terpene synthases.
Structurally characterized terpene synthases and bifunc-
tional abietadiene synthase are in red. Ag, Abies grandis;
At, Arabidopsis thaliana; Ga, Gossypium arboreum; Nt,
Nicotiana tabacum; Pa, Picea abies; Pm, Pseudotsuga
menziesii; Tb, Texus brevifolia; Zo, Zingiber officinale; Zm,
Zea mays. The tree was generated using phyologeny.fr
with a ‘‘one click’’ setting.
Structure
Structure of Bisabolene Synthasesesquiterpene synthases such asSalvia officinalis bornyl diphos-
phate synthase (Whittington et al., 2002), AS (Starks et al., 1997),
and CAD (Gennadios et al., 2009). In concert, the b and g
domains are found to resemble the two-domain squalene-
hopene synthase from Alicyclobacillus acidocaldarius (SHC)
(Wendt et al., 1997). Finally, all three AgBIS domains are present
only in plant diterpene synthases such as TXS (Ko¨ksal et al.,
2011a) and CPS (Ko¨ksal et al., 2011b).
Class I Active Site
To gain insight into the mechanism of the AgBIS Class I active
site, we crystallized AgBIS in its apo form and bound to five
different inhibitors (Figure 5). Specifically, AgBIS was crystallized
with the FPP analog farnesyl thiophosphate (FSP), the GPP
analog geraniol thiodiphosphate (GSPP), and the diphosphonate
inhibitors etidronate, pamidronate, and alendronate. The apo
form of AgBIS was crystallized in the presence of Mg2+ at
2.1 A˚ resolution. However, no ions were bound to the active
site (Figure 5A). Notably, in the apo structure, residues 718–
727 (H3 helix) and 792–800 (J-K loop), which are proximal to
the active site, are disordered. This has also been observed in
the native structure of AS (Starks et al., 1997).
The structure of FSP bound to AgBIS was crystallized at 2.0 A˚
resolution in the presence of Mg2+ and FSPP, the latter of which
likely became dephosphorylated during the course of crystalliza-
tion. Although strong electron density was observed for most of
the inhibitor, no interpretable density was observed at the
b-phosphate position (Figure S1). Therefore, the b-phosphate
was not included in the model (Figure 4B). When compared to1878 Structure 19, 1876–1884, December 7, 2011 ª2011 Elsevier Ltd All rights reservethe apo form, the presence of Mg2+ and FSP
in the active site stabilized the H3 helix and the
J-K loop. In this structure, Mg2+a and Mg
2+
c
are coordinated by D566, D570, and the
a-phosphate. The Mg2+b is coordinated by
D713, T717 (H2 helix), and E721 (H3 helix).
Further, there is a salt-bridge interaction
between FSP and R710 (H2 helix). The binding
of FSP in AgBIS is similar to the binding offarnesyl hydroxyphosphonate (FHP) to AS (PDB: 5EAT; Starks
el al., 1997) as the two ligands align very closely. Binding of
FSP in AgBIS, however, is dissimilar to the binding of trifluoro-
farnesyl diphosphate (F3-FPP) to AS (PDB: 5EAU; Starks el al.,
1997). In 5EAU, the b-phosphate sits between Mg2+a and
Mg2+c (position 1), whereas the a-phosphate is on the opposite
side of Mg2+a fromMg
2+
c (position 2). With FSP bound to AgBIS,
or FHP bound to AS, the a-phosphate is in position 1. It is worthy
of note that in AgBIS, the FSP isoprenoid chain points into the
cavity in a manner similar to FHP and F3-FPP in AS.
The structure of GSPP bound to AgBIS was crystallized at
1.9 A˚ resolution in the presence of Mg2+ and GSPP. There
was observable electron density for both phosphates. As in
F3-FPP-bound AS (PDB: 5EAU; Starks et al., 1997), the b-phos-
phate is in position 1 and the a-phosphate is in position 2 (Fig-
ure 5C). However, the isoprenoid chain of GSPP points out of
the AgBIS cavity rather than deeper into it, as is the case with
FSP bound to AgBIS and most terpene synthases. In this
respect, GSPP bound to AgBIS is similar to difluoro-farnesyl
diphosphate (F2-FPP) bound to CAD (Gennadios et al., 2009).
In that structure, the F2-FPP isoprenoid chain is rotated toward
the mouth of the cavity in what the authors suggest is a
secondary isoprenoid binding site (Gennadios et al., 2009).
In GSPP-bound AgBIS, the isoprenoid chain is rotated even
further and represents a unique binding mode not previously
observed in terpene synthases. It is not clear whether this
binding mode is catalytically competent or whether an alterna-
tive position is occupied during the cyclization step of the
reaction.d
Table 1. Data Collection and Refinement Statistics
Se-Methionine Apo FSP GSPP Alendronate Pamidronate Etidronate
Resolution (A˚) 50–2.75
(2.8–2.75)
50–2.14
(2.18–2.14)
50–1.96
(1.99–1.96)
50–1.89
(1.92–1.89)
50–1.89
(1.92–1.89)
50–1.86
(1.89–1.86)
50–2.2
(2.24–2.20)
Space group C 1 2 1 C 1 2 1 C 1 2 1 C 1 2 1 C 1 2 1 C 1 2 1 C 1 2 1
Unit cell (A˚) a = 157.0
b = 54.4
c = 126.8
a = 157.2
b = 54.3
c = 126.9
a = 156.1
b = 54.8
c = 126.3
a = 156.3
b = 55.0
c = 126.3
a = 156.5
b = 54.4
c = 126.5
a = 156.5
b = 54.4
c = 126.6
a = 156.8
b = 55.0
c = 127.3
a = g = 90
and b = 119.6
a = g = 90
and b = 119.4
a = g = 90
and b = 119.3
a = g = 90
and b = 119.3
a = g = 90
and b = 119.4
a = g = 90
and b = 119.4
a = g = 90
and b = 119.3
Total reflections 168242 321046 488067 545291 530557 550352 319447
Unique reflections 24606 49035 67109 74671 74840 79327 46965
Multiplicity 6.8 (5.2) 6.5 (3.4) 7.3 (5.7) 7.3 (5.5) 7.1 (6.3) 6.9 (5.9) 6.8 (4.8)
Completeness (%) 99.70 (97.30) 94.30 (67.20) 99.60 (94.90) 99.50 (93.40) 99.60 (95.90) 99.80 (97.90) 95.80 (73.10)
I/sigma(I) 12.50 (1.52) 19.72 (1.44) 17.09 (1.40) 20.68 (1.40) 24.56 (1.81) 26.30 (1.44) 16.57 (1.68)
R-sym 0.167 (0.687) 0.092 (0.515) 0.089 (0.706) 0.073 (0.772) 0.087 (0.773) 0.072 (0.833) 0.097 (0.539)
R-factor 0.1715 0.1605 0.167 0.1682 0.1788 0.1767
R-free 0.2278 0.2044 0.205 0.2057 0.2123 0.2123
Number of atoms 6508 7178 7123 7012 6851 6660
Protein residues 763 780 780 775 775 775
Water molecules 261 769 732 647 506 328
RMS from ideal
geometry
Bond lengths (A˚) 0.007 0.007 0.007 0.006 0.006 0.006
Angles () 1.02 0.95 0.94 0.94 0.95 0.85
Ramachandran plot
Favored (%) 97 97 97 97 98 97
Outliers (%) 0.1 0.1 0.1 0.0 0.1 0.1
Clashscore 12.9 9.8 8.1 8.0 10.9 8.1
Average isotropic
B-factors
Protein (A˚2) 50.5 32.2 30.2 35.1 39.4 45.8
Ligand (A˚2) 38.2 50.6 37.4 52.7 58.9
Solvent (A˚2) 47.6 38.4 36.1 40.7 43.1 44.3
Statistics for the highest-resolution shell are shown in parentheses.
Structure
Structure of Bisabolene SynthaseTo further understand the plasticity of the AgBIS active site, we
also solved the structure of AgBIS bound to the bisphosphonate
inhibitors alendronate (C3) at 1.9 A˚ resolution, etidronate (C1) at
2.2 A˚ resolution, and pamidronate (C2) at 1.9 A˚ resolution (Fig-
ure 5D). Bisphosphonates are potent inhibitors of osteoclastic
activity and are widely used for preventing bone loss associated
with osteoporosis (Delmas, 2002) and Paget’s disease (Langston
and Ralston, 2004). A key enzyme in the mevalonate pathway,
farnesyl diphosphate synthase, is thought to be the target of
these inhibitors (Dunford et al., 2001; van Beek et al., 1999). As
with the GSPP phosphates, the alendronate phosphonates
occupy positions 1 and 2 in the active site, coordinating to
Mg2+a and Mg
2+
c in the same manner. Contrary to the GSPP
and FSP structures, Mg2+b is coordinated by the phosphonates
rather than residues D713, T717, and E721. It is interesting that
phosphonate-driven changes at the Mg2+b position result in
active-site regions that are disordered, similar to those seen in
the apo structure, and hence potentially kept in a catalyticallyStructure 19, 1876–18inactive state. Etidronate and pamidronate are bound to the
AgBIS active site in the same way as alendronate (Figure S2).
Given that AgBIS is phylogenetically closer to gymnosperm di-
terpene synthases (TXS) than to angiosperm sesquiterpene syn-
thases (CAD and AS), we compared the AgBIS and TXS (Ko¨ksal
et al., 2011a) Class I active sites. The overall architecture of the
AgBIS and TXS active sites are very similar except for the length
and folding of the J-K loop, which is disordered in the AgBIS apo
form, but ordered in the inhibitor-bound structures. The J-K loop
dipsmore into theClass I active site inAgBIS than in theTXS, thus
making the AgBIS active site slightly smaller. When comparing
the DDXXD and (N,D)DXX(S,T)XXXE motifs (metal-binding
ligands in bold), the metal-binding residues in AgBIS and TXS
align almost exactly. Of note, the angiosperm diterpene synthase
CPShasanonfunctionalClass I active site, lacking theconserved
DDXXD metal-binding motif. Further, the CPS nonfunctional
Class I active site is more solvent accessible, having overall
shorter helices and loops in that regionwhen compared toAgBIS.84, December 7, 2011 ª2011 Elsevier Ltd All rights reserved 1879
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Figure 3. Overall Fold of AgBIS
a helices are shown as rods and are labeled alphabetically for
the a domain (cyan) and numerically for the b domain (purple).
The g domain (red) is labeled i1–i10, because when com-
pared to other sesquiterpene synthases, the g domain is an
insertion in the AgBIS structure. The first a helix of the g
domain starts at the a domain (i1a) and goes through the
b domain (i1b) before reaching the g domain (i2). FSP and
Mg2+ ions are represented as magenta sticks and green
spheres, respectively. See also Figure S1.
Structure
Structure of Bisabolene SynthaseBiochemical Characterization of the Terpene Synthase
Class I Active Site
To biochemically characterize the Class I active site, wemutated
key residues involved in catalysis (Figure S3). Loss of enzymatic
activity has been previously observed by substitution of the first
aspartate in the DDXXD motif (Little and Croteau, 2002). There-
fore, we determined the role of the last aspartate in this binding
motif, D570. AgBIS:D570A did not show activity with FPP. This
confirmed that the last aspartate in the D566DXXDmotif is neces-N 
C 
Bisabolene Synthase 
(AgBIS) 
C 
N 
N 
C 
N 
C 
C 
N 
Squalene Hopene Cyclase 
(SHC) 
Taxadiene Synthase
(TXS) 
Aristolochene Synthase
(AS) 
Trichodiene Synthase 
(TS) 
Figure 4. Structural Comparison of AgBIS to Other Terpene Biosyn-
thetic Enzymes
AgBIS is composed of three distinct a-helical domains (a, b, and g). The
a domain (cyan) contains the D566DXXD and D713DXXTXXXE metal-binding
motifs and adopts a Class I terpene synthase fold (Tarshis et al., 1994), which
can be found in fungal terpene cyclase such as Fusarium sporotrichioides
trichodiene synthase (Rynkiewicz et al., 2001) (PDB: 1JFA). Both a and
b (purple) domains are present in plant sesquiterpene synthases, such
as Nicotiana tabacum 5-epi-aristolochene synthase (Starks et al., 1997)
(PDB: 5EAT). The b and g (red) domains can be found in Alicyclobacillus
acidocaldarius squalene-hopene cyclase (Wendt et al., 1997) (PDB: 1SQC). All
three domains can be found in diterpene synthases, such as Taxus brevifolia
taxadiene synthase (Ko¨ksal et al., 2011a) (PDB: 3P5R).
1880 Structure 19, 1876–1884, December 7, 2011 ª2011 Elsevier Ltd All rights resesary for activity, as previously seen in CAD (Gen-
nadios et al., 2009). Then, we investigated whether
the first aspartate in the D713DXXTXXXE motif was
necessary for enzyme activity. We chose D713
because it is closer to the magnesium ion than
T717 and E721. The AgBIS D713A variant showedno enzymatic activity. Finally, wemeasured the in vitro kinetics of
the wild-type AgBIS. The wild-type enzyme had a KM for FPP of
49.5 ± 6.3 mM, which is higher than the KM for FPP seen in other
plant sesquiterpene synthases (CAD KM = 3.2 mM [Gennadios
et al., 2009]). Although the affinity of bisabolene synthase for
FPP (KM) can be compared to the affinity of other sesquiterpene
synthases for the same substrate, the enzyme turnover (kcat)
of AgBIS can only be compared to that of other bisabolene
synthases. AgBIS kcat is 0.11 ± 0.02 min
1, leading to a catalytic
efficiency (kcat/KM) of 38.21 M
1 s1.
Structure-Based Bisabolene Synthase Mechanism
AgBIS cyclizes FPP via a bisabolyl cation intermediate into
a-bisabolene (Figure 6A). In contrast, previously crystallized
plant sesquiterpene synthases, such as N. tabacum AS (Starks
et al., 1997) and G. arboreum CAD (Gennadios et al., 2009),
cyclize FPP through a germacryl cation into 5-epi-aristolochene
and g-cadinene, respectively. The only other structurally charac-
terized sesquiterpene synthase that cyclizes FPP through a
bisabolyl cation intermediate is F. sporotrichioides TS (Rynkie-
wicz et al., 2001). However, TS cyclizes the bisabolyl cation
further, via a secondary carbocation intermediate, into the bicy-
clic trichodiene (Cane et al., 1995).
Based on the position of the isoprenoid chain in the FSP-
bound AgBIS structure, we can propose a mechanism for a-
bisabolene formation (Figure 6B). In our proposed mechanism,
the metal-dependent ionization of the FPP results in the genera-
tion of a negatively charged diphosphate and a farnesyl carboca-
tion (Figure 6B, center). The diphosphate is stabilized by the
Mg2+ ions and the side chains of R529, R531 (both in helix D),
and R710 (helix H2). This region of positive charge is removed
from the active site, thus directing the diphosphate away from
the farnesyl carbocation and avoiding regeneration of FPP. The
farnesyl carbocation is delocalized over C1, C2, and C3, and
stabilized by the backbone carbonyls of I667 and G668 (helix
G1). As the carbocation moves deeper into the active site, the
carbonyl from Q669 (helix G2) also stabilizes the farnesyl carbo-
cation. The stabilization provided by Q669 is long range, as it is
hydrogen bonded to residues in the second sphere of the
active site, specifically S709, N705 (both on helix H2), and
T786 (helix J). Once C1 is positioned near the p orbital of therved
AR710
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C
AC
B
GSPP
D713
R710
D566
D570
E721
T717
B
AC
B
FSP
D713
R710
D566 D570
E721
T717
D
A
C
B
Alendronate
D713
R710
D566
D570
I667
Figure 5. AgBIS in the Apo Form andBound to Four
Different Inhibitors
(A) AgBIS apo structure.
(B) AgBIS bound to the farnesyl diphosphate inhibitor
farnesyl thiophosphate (FSP).
(C) AgBIS bound to the geranyl diphosphate inhibitor
geranyl thiodiphosphate.
(D) AgBIS bound to the phosphonate inhibitor alendronate.
Metal coordination and hydrogen bonds are represented
as dashed yellow and black lines, respectively. Mg2+ ions
(A–C) are shown as green spheres and water molecules as
red spheres. See also Figure S2.
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Structure of Bisabolene SynthaseC7-C8 double bond, nucleophilic attack at C1 creates the C1-C7
bond and a tertiary carbocation on C8, thus generating the bisa-
bolyl cation (Figure 6B, right). The positive charge at C8 makes
the hydrogens at C7, C9, and C10 more acidic. In a-bisabolene
synthase, the hydrogen at C9 is removed and according to our
structure, E782 (helix J) is appropriately positioned for that
removal, leading to the formation of a-bisabolene.
F. sporotrichioides TS also cycles FPP through a bisabolyl
cation intermediate. However, this intermediate is further
cyclized into the bicyclic trichodiene (Rynkiewicz et al., 2001).
In TS, the formation of the bisabolyl cation proceeds similarly
to its formation in AgBIS, by Mg2+-aided ionization. Differences
in the G1-G2 loop folding led to no residue being spatially
analogous to AgBIS:Q669 in TS. Further, AgBIS:E782 is not
conserved in TS, being instead a phenylalanine (F291). There-
fore, in TS there is no stabilization of the bisabolyl carbocation
and subsequent removal of a hydrogen atom at C9. Instead,
the proximity of the empty p orbital of C7 and the C10-C11
p orbital, result in C7-C11 bond formation and a second carbo-
cation intermediate (Cane and Bowser, 1999), which ultimately
leads to the formation of trichodiene.
Class II Active Site
The presence of both a g domain and a pocket in the b-g inter-
face for a potential terpene synthase Class II active site makes
AgBIS the structurally characterized sesquiterpene synthase
most closely related to diterpene synthases. Although previous
structurally characterized sesquiterpene synthases have a
pocket in the b domain, they lack the g domain to cap the Class
II active site. When compared to AS (Starks et. al, 1997), AgBIS
has an extra helix (7a) and a longer helix 5, which shields the
Class II active-site pocket from the environment. Like TXS and
CPS, AgBIS has a g domain that caps a potential Class II active
site. Nevertheless, AgBIS is more similar to the gymnosperm
TXS, with 44% sequence identity at the amino acid level, than
to the angiosperm CPS, with 32% sequence identity. Models
for gymnosperm terpene synthase evolution propose thatStructure 19, 1876–1884, December 7,sesquiterpene synthases evolved from diter-
pene synthases through loss of introns, which
resulted in, among other changes, the complete
loss of the g domain (Trapp and Croteau, 2001).
Based on this model, AgBIS is potentially an
intermediate in the evolutionary transition from
diterpene to sesquiterpene synthase.
A functional terpene synthase Class II active
site has a characteristic DXDD binding motif,which can be found in CPS (D377IDD) (Ko¨ksal et al., 2011b) and
SHC (D376VDD) (Wendt et al., 1997). AgBIS, however, has a
D347LET sequence at this position, rendering the active site
nonfunctional. The AgBIS D347LET residues structurally align
almost exactly with their counterparts in SHC and CPS. In
both SHC andCPS structures, the inhibitors (N,N-dimethyldode-
cylamine-N-oxide (PDB: 1SQC) and (S)-15-aza-14,15-dihyoger-
anylgeranyl thiolodiphosphate (PDB: 3PYA), respectively)
hydrogen bond to the first aspartate in the DXDD motif. In the
structure of FSPP bound to AgBIS, the equivalent of the first
aspartate, E349, hydrogen bonds to a glycerol molecule. To
determine important residues in terpene synthase Class II catal-
ysis, we compared the residues lining the functional Class II
active site of CPSand those lining the nonfunctional AgBIS active
site. Most of the residues lining the CPS active site (F329, W333,
W369, and W505) have been lost in AgBIS (L299, L303, W339,
and R475), with only one tryptophan being conserved. It is inter-
esting that the guanidinium cation of R475 takes the place of
the aza group in CPS bound to (S)-15-aza-14,15-dihyogeranyl-
geranyl thiolodiphosphate. Finally, when comparing the loops
around theClass II active site, the loop that closes theCPS active
site from solvent (N402:Q418) is much longer than the equivalent
loop in AgBIS (b domain, 4-5 loop, F373:F387).
DISCUSSION
Here, we present the structure of gymnosperm A. grandis
a-bisabolene synthase, the first structure to our knowledge of
a sesquiterpene synthase composed of three distinct domains
and the sesquiterpene synthase most closely related to diter-
pene synthases. Thus, AgBIS furthers our understanding of
Class II gymnosperm diterpene synthases, such as abietadiene
synthase. The insight gained into AgBISwill aid in the future engi-
neering of this enzyme for biofuel purposes. The mechanistic
insights gained about the AgBIS Class I active site will be impor-
tant to engineering AgBIS for increased catalytic efficiency.
Knowing that AgBIS has a fast enzyme turnover and an average2011 ª2011 Elsevier Ltd All rights reserved 1881
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Based on the AgBIS Crystal Structure Bound to FSP
(A) Reaction mechanisms to cyclize farnesyl diphosphate
(FPP) into the final sesquiterpene. Bisabolene synthase
cyclizes FPP via a bisabolyl cation intermediate to bisa-
bolene. Trichodiene synthase cyclizes FPP via a bisabolyl
cation as well. However, TS cyclizes the bisabolyl cation
further (via a secondary carbocation intermediate) to the
bicyclic trochodiene. Aristolochene synthase and cadinene
synthase cyclize FPP via a germacryl cation intermediate
into aristolochene and cadinene, respectively.
(B) Modeled in the Class I active site are FPP (left), the
farnesyl cation (center), and the bisabolyl cation (right).
Mg2+ ions (A–C) are shown as green spheres. FPP, catalytic
intermediates, and alternate side-chain positions were
modeled using Coot (Emsley and Cowtan, 2004). See also
Figure S3.
Structure
Structure of Bisabolene Synthasebinding affinity for FPP, we can concentrate on improving the KD
of AgBIS for FPP by mutating residues lining the Class I active
site. The elucidation of a nonfunctional Class II binding site in
AgBIS will allow us to determine whether there is any feedback
inhibition of this enzyme during the microbial production of bisa-
bolene. For example, an arginine-rich region in the b domain
(R310, R356, and R399) may be a vestigial binding site for the
negative diphosphate moiety in GGPP. It is possible that this
region is still able to bind smaller diphosphates such as IPP and
DMAPP, which are present during the microbial production of
bisabolene. Finally, using the atomic displacements (B-factors)
from the AgBIS crystal structure we can begin to pursue the engi-
neering ofmore stable enzymes for increased biofuel production.
EXPERIMENTAL PROCEDURES
Vector Construction
E. coli codon optimized bisabolene synthase from A. grandis was amplified
from JBEI-3161 (Peralta-Yahya et al., 2011) and cloned into pSKB3 between
NdeI and BamHI to generate pSKB3-BIS (JBEI-3194). pSKB3 has a T7
promoter and introduces a cleavable His-tag, TEV protease, at the N-terminus
of the expressed protein.
Protein Expression
For selenomethionine incorporation into AgBIS, we used the Studier method
for protein production (Studier, 2005). E. coli BL21 (DE3) harboring pSKB3-
BIS was grown overnight onMDAG plates and the cells were used to inoculate
PASM-5052 media at 1:1000 dilution. Cells were grown for 5–6 hr at 37C
before lowering the temperature to 15C and continue to grow for 5 days.
For subsequent protein expression, E. coli BL21 (DE3) harboring pSKB3-BIS
was grown to OD600 = 0.1 prior to induction with 500 mM IPTG at OD600 =
0.6–0.8. After 24 hr of incubation at 15C, the cells were harvested by centri-
fugation. The cell pellet was resuspended in buffer A (25 mM HEPES, pH
7.4, 250 mM NaCl, 1 mM DTT) containing 0.5 mg/ml lysozyme and 1 mM
EDTA at 5 ml/g wet weight, stirred at room temperature for 1 hr, and pelleted
at 5,000 3 g for 15 min. The pellet was stored at 80C.
Protein Purification
The treated cell pellet was resuspended in 5 ml/g buffer A containing 1 mM
PMSF, 3 mg/ml DNase, 1 mM MgCl2, and 0.1 mg/ml lysozyme and lysed1882 Structure 19, 1876–1884, December 7, 2011 ª2011 Elsevier Ltd All rights reservwith a Virtis Virsonic S3000-200 sonicator using the
½-inch tip on ice (power setting 9; 10 s on, 30 s off, for
4 min). The lysate was clarified by centrifugation at
35,000 3 g for 30 min. at 4C and the supernatant applied
to a 5-ml HisTrap column equilibrated with buffer A on an
AKTA FPLC. The bound material was eluted with a lineargradient using buffer B (buffer A containing 1 M imidazole) over 20 column
volumes. Fractions containing the least amount of contaminants were chosen
and pooled based on SDS-PAGE analysis. TEV protease was added at 1:100
mass ratio of TEV to BIS, and the reaction was dialyzed extensively with
buffer A. The cleaved pool was passed through a 5-ml HisTrap column.
Flow through and washes containing the cleaved BIS were collected and con-
centrated using 10 kD Vivaspin20 centrifugal concentrator. Further purification
was achieved by passage through a Superdex 200 10/300 GL column at
0.9 ml/min. Fractions containing monomer AgBIS were collected, pooled,
and concentrated to a final concentration of 10 mg/ml.
Crystallization
Crystallization screening was carried out on a Phoenix robot (Art Robbins
Instruments, Sunnyvale, CA) using a sparsematrix screeningmethod (Jancarik
and Kim, 1991). AgBIS and selenomethione-labeled AgBIS were crystallized
by the sitting drop vapor diffusion method with the drops containing a 1:1 ratio
of protein solution and 100 mM Tris pH 8.5, 100 mMNaCl, and 23% (w/v) PEG
3350. Ligand-bound structures were crystallized with an additional 8–40 mM
MgSO4 and 1 mM alendronate, pamidronate, etidronate, farnesyl thiodiphos-
phate, or geranyl thiodiphosphate. Plate-like crystals were observed within
one week. For data collection, crystals were flash frozen in liquid nitrogen in
a buffer containing a 1:9 ratio of glycerol to crystallization buffer.
X-Ray Data Collection and Structure Determination
The X-ray data sets for AgBIS were collected at the Berkeley Center for Struc-
tural Biology beamlines 8.2.1, 8.2.2, and 5.0.3 of the Advanced Light Source at
Lawrence Berkeley National Laboratory. Diffraction data were recorded using
ADSC Q315R detectors (Area Detector Systems Corporation, San Diego, CA).
Processing of image data was performed with the HKL2000 suite of programs
(Otwinowski and Minor, 1997). Phases of SeMet-labeled AgBIS were calcu-
lated by MRSAD (Panjikar et al., 2009) using the Auto-Rickshaw web server
(Panjikar et al., 2005). Fourteen selenium sites were automatically found by
Auto-Rickshaw, and the structure of 5-epi-aristolochene synthase (PDB:
5EAS) (Starks et al., 1997) was used as a search model. Automated model
building was conducted using Autosol (Terwilliger et al., 2009) from the
PHENIX suite of programs (Adams et al., 2010) and Auto-Rickshaw (Panjikar
et al., 2005). The resultant model was used as an initial model for a 2.1-A˚-reso-
lution native data set. After a round of automated model building with
RESOLVE, the model was 90% complete. Manual building using Coot (Emsley
and Cowtan, 2004) was alternated with reciprocal space refinement using
PHENIX (Adams et al., 2010). Waters were automatically placed using PHENIX
andmanually added or deleted with Coot according to peak height (3.0s in theed
Structure
Structure of Bisabolene SynthaseFo-Fcmap) and distance from a potential hydrogen-bonding partner (<3.5 A˚).
TLS refinement (Painter and Merritt, 2006a) on 10 groups, chosen by the
TLSMD web server (Painter and Merritt, 2006b), was used in later rounds of
refinement. An initial rigid-body refinement using PHENIX (Adams et al.,
2010), was performed with the final model (all waters removed) from the native
data set on all the ligand-bound data sets. Thesemodels were refined and built
in the same manner as the native model. All data collection, phasing, and
refinement statistics are summarized in Table 1.
Enzyme Purification for Steady-State Kinetics
Steady-state kinetics of wild-type AgBIS were compared after each purifica-
tion stage: (1) N-terminal His-tag AgBIS, (2) AgBIS after His-tag removal,
and (3) AgBIS after removal of aggregates. All wild-type AgBIS steady-state
kinetics were similar. Thus, we used the N-terminal His-tag AgBIS and AgBIS
mutants to measure steady-state kinetics.
Steady-State Kinetics
Parameters for the wild-type and mutant AgBIS were measured at 30C in
a fluorimetric assay using the PiPer Pyrophosphate Assay Kit (Invitrogen,
Carlsbad, CA) (Lo´pez-Gallego et al., 2010). Piper detects pyrophosphate
(PPi) release in an enzyme-coupled assay to generate resorfurin (ex/em:
530/590 nm). Assays (100 ml final volume) were carried out in a 96-well plate
format and fluorescence was measured using a BioTek plate reader. A PPi
standard curve was obtained by combining 50 ml PiPer solution with 50 ml of
assay buffer (25mMTris, 15mMMgCl2, pH 7.5) containing known PPi concen-
trations (0.39–50 mM). Substrate-free controls were obtained by combining
50 ml PiPer solution with 40 ml of assay buffer and 10 ml of enzyme in assay
buffer (0.2 mg/mL). Enzyme-free controls were obtained by combining 50 ml
PiPer solution with 40 ml of assay buffer with varying FPP concentrations
(1–200 mM), and 10 ml of assay buffer. Reaction mixtures were obtained by
combining 50 ml PiPer, 40 ml of assay buffer with varying FPP concentrations
(1–200 mM), and 10 ml enzyme in assay buffer (0.2 mg/mL). All assays were
run in parallel. Assay mixtures were equilibrated for 5 min at 30C prior to
addition of enzyme to initiate reactions. Enzyme activity was determined as
the difference between the fluorescence increase per minute of sample and
that of the enzyme-free control. Velocity was measured as PPi released per
min in mM. The KM and Vmax values were determined by means of the software
Kaleidagraph (Synergy, Strongsville, OH) using a nonlinear fit.ACCESSION NUMBERS
The atomic coordinates and structure factors of AgBIS and AgBIS bound to
FSP, GSPP, alendronate, etidronate, and pamidronate have been deposited
in the Protein Data Bank, http://www.rcsb.org (PDB ID codes 3SDQ, 3SAE,
3SDU, 3SDT, 3SDV, and 3SDR, respectively).SUPPLEMENTAL INFORMATION
Supplemental Information includes three figures and can be found with this
article online at doi:10.1016/j.str.2011.09.013.
ACKNOWLEDGMENTS
This work was part of the DOE Joint BioEnergy Institute (http://www.jbei.org)
supported by the U.S. Department of Energy, Office of Science, Office of
Biological and Environmental Research, through contract DE-AC02-
05CH11231 between Lawrence Berkeley National Laboratory and the U.S.
Department of Energy. The Berkeley Center for Structural Biology is supported
in part by the National Institutes of Health, National Institute of General Medical
Sciences, and the Howard Hughes Medical Institute. The Advanced Light
Source is supported by the Director, Office of Science, Office of Basic Energy
Sciences, of the U.S. Department of Energy under Contract No. DE-AC02-
05CH11231. All authors designed the experiments. R.M. P.P-Y., and A.D.
performed the experiments. P.P-Y., R.M., M.Z.H., J.D.K., and P.D.A. wrote
the manuscript. J.D.K. has financial interests in Amyris Biotechnologies and
LS9 INC.Structure 19, 1876–18Received: June 16, 2011
Revised: September 9, 2011
Accepted: September 12, 2011
Published: December 6, 2011REFERENCES
Adams, P.D., Afonine, P.V., Bunko´czi, G., Chen, V.B., Davis, I.W., Echols, N.,
Headd, J.J., Hung, L.W., Kapral, G.J., Grosse-Kunstleve, R.W., et al. (2010).
PHENIX: a comprehensive Python-based system for macromolecular struc-
ture solution. Acta Crystallogr. D Biol. Crystallogr. 66, 213–221.
Anthony, J.R., Anthony, L.C., Nowroozi, F., Kwon, G., Newman, J.D., and
Keasling, J.D. (2009). Optimization of the mevalonate-based isoprenoid
biosynthetic pathway in Escherichia coli for production of the anti-malarial
drug precursor amorpha-4,11-diene. Metab. Eng. 11, 13–19.
Bohlmann, J., Crock, J., Jetter, R., and Croteau, R. (1998). Terpenoid-based
defenses in conifers: cDNA cloning, characterization, and functional expres-
sion of wound-inducible (E)-alpha-bisabolene synthase from grand fir (Abies
grandis). Proc. Natl. Acad. Sci. USA 95, 6756–6761.
Cane, D.E., and Bowser, T.E. (1999). ). Trichodie synthase: mechanism-based
inhibition of a sesquiterpene cyclase. Bioorg. Med. Chem. Lett. 9, 1127–1132.
Cane, D.E., Yang, G., Xue, Q., and Shim, J.H. (1995). Trichodienesynthases.
Subtrate specificity and inhibition. Biochemistry 34, 2471–2479.
Chen, F., Tholl, D., Bohlmann, J., and Pichersky, E. (2011). The family of
terpene synthases in plants: a mid-size family of genes for specialized metab-
olism that is highly diversified throughout the kingdom. Plant J. 66, 212–229.
Christianson, D.W. (2006). Structural biology and chemistry of the terpenoid
cyclase. Chem. Rev. 106, 3412–3442.
Delmas, P.D. (2002). Treatment of postmenopausal osteoporosis. Lancet 359,
2018–2026.
Dereeper, A., Guignon, V., Blanc, G., Audic, S., Buffet, S., Chevenet, F.,
Dufayard, J.F., Guindon, S., Lefort, V., Lescot, M., et al. (2008). Phylogeny.fr:
robust phylogenetic analysis for the non-specialist. Nucleic Acids Res. 36
(Web Server issue), W465–W469.
Dunford, J.E., Thompson, K., Coxon, F.P., Luckman, S.P., Hahn, F.M., Poulter,
C.D., Ebetino, F.H., and Rogers, M.J. (2001). Structure-activity relationships
for inhibition of farnesyl diphosphate synthase in vitro and inhibition of bone
resorption in vivo by nitrogen-containing bisphosphonates. J. Pharmacol.
Exp. Ther. 296, 235–242.
Emanuelsson, O., Nielsen, H., and von Heijne, G. (1999). ChloroP, a neural
network-based method for predicting chloroplast transit peptides and their
cleavage sites. Protein Sci. 8, 978–984.
Emsley, P., and Cowtan, K. (2004). Coot: model-building tools for molecular
graphics. Acta Crystallogr. D Biol. Crystallogr. 60, 2126–2132.
Gennadios, H.A., Gonzalez, V., Di Costanzo, L., Li, A., Yu, F., Miller, D.J.,
Allemann, R.K., and Christianson, D.W. (2009). Crystal structure of (+)-delta-
cadinene synthase from Gossypium arboreum and evolutionary divergence
of metal binding motifs for catalysis. Biochemistry 48, 6175–6183.
Harvey, B.G., Wright, M.E., and Quintana, R.L. (2010). High-density renewable
fuels based on the selective dimerization of pinenes. Energy Fuels 24,
267–273.
Jancarik, J., and Kim, S.H. (1991). Sparse-matrix sampling: a screening
method for crystallization of proteins. J. Appl. Crystallogr. 24, 409–411.
Keeling, C.I., Weisshaar, S., Lin, R.P., and Bohlmann, J. (2008). Functional
plasticity of paralogous diterpene synthases involved in conifer defense.
Proc. Natl. Acad. Sci. USA 105, 1085–1090.
Keeling, C.I., Madilao, L.L., Zerbe, P., Dullat, H.K., and Bohlmann, J. (2011).
The primary diterpene synthase products of Picea abies levopimaradiene/
abietadiene synthase (PaLAS) are epimers of a thermally unstable diterpenol.
J. Biol. Chem. 286, 21145–21153.
Kirby, J., and Keasling, J.D. (2009). Biosynthesis of plant isoprenoids:
perspectives for microbial engineering. Annu. Rev. Plant Biol. 60, 335–355.84, December 7, 2011 ª2011 Elsevier Ltd All rights reserved 1883
Structure
Structure of Bisabolene SynthaseKo¨ksal, M., Jin, Y., Coates, R.M., Croteau, R., and Christianson, D.W. (2011a).
Taxadiene synthase structure and evolution of modular architecture in terpene
biosynthesis. Nature 469, 116–120.
Ko¨ksal, M., Hu, H., Coates, R.M., Peters, R.J., and Christianson, D.W. (2011b).
Structure and mechanism of the diterpene cyclase ent-copalyl diphosphate
synthase. Nat. Chem. Biol. 7, 431–433.
Langston, A.L., and Ralston, S.H. (2004). Management of Paget’s disease of
bone. Rheumatology (Oxford) 43, 955–959.
Lee, S.K., Chou, H., Ham, T.S., Lee, T.S., and Keasling, J.D. (2008). Metabolic
engineering of microorganisms for biofuels production: from bugs to synthetic
biology to fuels. Curr. Opin. Biotechnol. 19, 556–563.
Lesburg, C.A., Zhai, G., Cane, D.E., and Christianson, D.W. (1997). Crystal
structure of pentalenene synthase: mechanistic insights on terpenoid cycliza-
tion reactions in biology. Science 277, 1820–1824.
Little, D.B., and Croteau, R.B. (2002). Alteration of product formation by
directed mutagenesis and truncation of the multiple-product sesquiterpene
synthases delta-selinene synthase and gamma-humulene synthase. Arch.
Biochem. Biophys. 402, 120–135.
Lo´pez-Gallego, F., Wawrzyn, G.T., and Schmidt-Dannert, C. (2010). Selectivity
of fungal sesquiterpene synthases: role of the active site’s H-1 alpha loop in
catalysis. Appl. Environ. Microbiol. 76, 7723–7733.
Otwinowski, Z., and Minor, W. (1997). Processing of X-ray diffraction data
collected in oscillation mode. Methods Enzymol. 276, 307–326.
Painter, J., and Merritt, E.A. (2006a). Optimal description of a protein structure
in terms of multiple groups undergoing TLS motion. Acta Crystallogr. D Biol.
Crystallogr. 62, 439–450.
Painter, J., and Merritt, E.A. (2006b). TLSMD web server for the generation of
multi-group TLS models. J. Appl. Crystallogr. 39, 109–111.
Panjikar, S., Parthasarathy, V., Lamzin, V.S., Weiss, M.S., and Tucker, P.A.
(2005). Auto-Rickshaw: an automated crystal structure determination platform
as an efficient tool for the validation of an X-ray diffraction experiment. Acta
Crystallogr. D Biol. Crystallogr. 61, 449–457.
Panjikar, S., Parthasarathy, V., Lamzin, V.S., Weiss, M.S., and Tucker, P.A.
(2009). On the combination of molecular replacement and single-wavelength
anomalous diffraction phasing for automated structure determination. Acta
Crystallogr. D Biol. Crystallogr. 65, 1089–1097.
Peralta-Yahya, P.P., and Keasling, J.D. (2010). Advanced biofuel production in
microbes. Biotechnol. J. 5, 147–162.
Peralta-Yahya, P.P., Ouellet, M., Chan, R., Mukhopadhyay, M., Keasling, J.,
and Lee, T.S. (2011). Identification and microbial production of a terpene-
based advanced biofuel. Nat. Commun. 2, 483. 10.1038/ncomms1494.1884 Structure 19, 1876–1884, December 7, 2011 ª2011 Elsevier LtdRenninger, N., and McPhee, D. (2008). Fuel compositions comprising farne-
sane and farnesane derivatives and method of making and using same. U.S.
Patent No. 7399323.
Rynkiewicz, M.J., Cane, D.E., and Christianson, D.W. (2001). Structure of
trichodiene synthase from Fusarium sporotrichioides provides mechanistic
inferences on the terpene cyclization cascade. Proc. Natl. Acad. Sci. USA
98, 13543–13548.
Starks, C.M., Back, K., Chappell, J., and Noel, J.P. (1997). Structural basis for
cyclic terpene biosynthesis by tobacco 5-epi-aristolochene synthase. Science
277, 1815–1820.
Steele, C.L., Crock, J., Bohlmann, J., and Croteau, R. (1998). Sesquiterpene
synthases from grand fir (Abies grandis). Comparison of constitutive and
wound-induced activities, and cDNA isolation, characterization, and bacterial
expression of delta-selinene synthase and gamma-humulene synthase.
J. Biol. Chem. 273, 2078–2089.
Studier, F.W. (2005). Protein production by auto-induction in high density
shaking cultures. Protein Expr. Purif. 41, 207–234.
Tarshis, L.C., Yan, M., Poulter, C.D., and Sacchettini, J.C. (1994). Crystal
structure of recombinant farnesyl diphosphate synthase at 2.6-A˚ resolution.
Biochemistry 33, 10871–10877.
Terwilliger, T.C., Adams, P.D., Read, R.J., McCoy, A.J., Moriarty, N.W.,
Grosse-Kunstleve, R.W., Afonine, P.V., Zwart, P.H., and Hung, L.W. (2009).
Decision-making in structure solution using Bayesian estimates of map
quality: the PHENIX AutoSol wizard. Acta Crystallogr. D Biol. Crystallogr. 65,
582–601.
Trapp, S.C., and Croteau, R.B. (2001). Genomic organization of plant terpene
synthases and molecular evolutionary implications. Genetics 158, 811–832.
van Beek, E., Pieterman, E., Cohen, L., Lo¨wik, C., and Papapoulos, S. (1999).
Farnesyl pyrophosphate synthase is the molecular target of nitrogen-contain-
ing bisphosphonates. Biochem. Biophys. Res. Commun. 264, 108–111.
Vogel, B.S., Wildung, M.R., Vogel, G., and Croteau, R.B. (1996). Abietadiene
synthase from grand fir (Abies grandis). cDNA isolation, characterization,
and bacterial expression of a bifunctional diterpene cyclase involved in resin
acid biosynthesis. J. Biol. Chem. 271, 23262–23268.
Wendt, K.U., Poralla, K., and Schulz, G.E. (1997). Structure and function of
a squalene cyclase. Science 277, 1811–1815.
Whittington, D.A., Wise, M.L., Urbansky, M., Coates, R.M., Croteau, R.B., and
Christianson, D.W. (2002). Bornyl diphosphate synthase: structure and
strategy for carbocation manipulation by a terpenoid cyclase. Proc. Natl.
Acad. Sci. USA 99, 15375–15380.All rights reserved
